Cystic fibrosis (CF), the most prevalent, fatal genetic disorder in the Caucasian population, is caused by mutations of CF transmembrane conductance regulator (CFTR). The mutations of this chloride channel alter the transport of chloride and associated liquid and thereby impair lung defenses. Patients typically succumb to chronic bacterial infections and respiratory failure. Restoration of the abnormal CFTR function to CF airway epithelium is considered the most direct way to treat the disease. In this report, we explore the potential of adult stem cells from bone marrow, referred to as mesenchymal or marrow stromal stem cells (MSCs), to provide a therapy for CF. We found that MSCs possess the capacity of differentiating into airway epithelia. MSCs from CF patients are amenable to CFTR gene correction, and expression of CFTR does not influence the pluripotency of MSCs. Moreover, the CFTRcorrected MSCs from CF patients are able to contribute to apical Cl ؊ secretion in response to cAMP agonist stimulation, suggesting the possibility of developing cell-based therapy for CF. The ex vivo coculture system established in this report offers an invaluable approach for selection of stem-cell populations that may have greater potency in lung differentiation.
S
ince identification of the cystic fibrosis (CF) transmembrane conductance regulator (CFTR) gene, great progress has been achieved toward understanding CFTR functions and CF pathogenesis, which provides the basis for therapeutic exploration (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Introduction of a normal copy of the CFTR gene into the affected airway epithelial cells (AECs) through viral or nonviral vectors has been investigated intensively (11) . The pulmonary epithelium presents several barriers that blunt clinically beneficial CF gene therapy. The barriers include presence of mucus, absence of viral vector receptors, rapid DNA degradation, poor nuclear import and vector integration, and uncertain stem-cell targetability (12) (13) (14) . Novel strategies need to be explored to overcome these formidable obstacles.
Mesenchymal stem cells (MSCs) are a population of stem cells in bone marrow that are distinct from hematopoietic stem cells. MSCs differentiate into osteoblasts, chondroblasts, adipocytes, and hematopoietic supporting stroma (15, 16) . Recent reports suggest that MSCs can also differentiate into nonstromal tissues, including lung epithelial cells (17) (18) (19) (20) (21) (22) . These data provide a strong rationale to explore the potential use of MSCs for the treatment of lung diseases. MSCs have several appealing properties. They are readily isolated from patients by simple bone marrow aspiration and expand in culture up to 1 billion-fold in 8 weeks (23) . However, the cells are not immortal or tumorigenic. They can be readily transduced with viral or nonviral vectors for gene correction (24, 25) . Gene-corrected stem cells can be infused back to the same patient to achieve autologous treatment, thus avoiding the problem of immune rejection and the need for immune suppression. These appealing features make MSCs a good candidate for potential therapeutic applications. Here we tested the central hypothesis that MSCs from CF patients can be gene-corrected, and the genecorrected CF MSCs can correct the CF-associated Cl Ϫ secretion defect by functionally transporting this anion to the apical side.
Materials and Methods
Isolation and Culture of Normal and CF MSCs. MSCs from normal volunteers were isolated and cultured according to a published protocol (25) . GFP-MSCs were obtained by electroporation with a plasmid expressing GFP (26) . For isolation and culture of CFpatient MSCs, bone marrow aspirates were taken from ⌬F508 homozygous patients referred to the Center for Gene Therapy by their physician using a protocol approved by the Tulane University Health Sciences Center Institutional Review Board. Nucleated cells were isolated by density gradient centrifugation (Ficoll͞Paque; Amersham Pharmacia) and resuspended in complete culture medium: a minimum essential medium (Invitrogen)͞20% FBS lot selected for rapid growth of MSCs (Atlanta Biologicals, Norcross, GA), 100 units͞ml penicillin, 100 g͞ml streptomycin, and 2 mM L-glutamine (Invitrogen). All the nucleated cells were plated in 20 ml of medium in a 145-cm 2 culture dish and incubated at 37°C with 5% CO 2 . After 24 h, nonadherent cells were washed away in PBS and discarded. The adherent fraction of cells was grown for an additional 4-11 days in fresh complete culture medium. The cells were harvested with 0.25% trypsin and 1 mM EDTA for 5 min at 37°C and replated at 50 cells per cm 2 in a cell factory system (Nunc). After 7-12 days, the cells were harvested with trypsin͞EDTA, suspended at 1 ϫ 10 6 cells per ml in 5% dimethyl sulfoxide and 30% FBS and frozen in 1-ml aliquots in liquid nitrogen as passage 1 cells. For gene correction, CF MSCs were transduced with a multiplicity of infection of 1 of a vesicular stomatitis virus glycoprotein pseudotyped Moloney murine leukemia virus-CFTR-neo vector, derived from the pLXIN vector system (Clontech) in which the human CFTR gene was linked by internal ribosome entry site to the neo gene. The G418-resistant MSC population was selected in a 200-300 g͞ml drug medium and expanded for use.
Air-Liquid-Interface Culture of Human Airway Epithelia. The protocol for human airway-epithelia culture was approved by the Louisiana Abbreviations: CF, cystic fibrosis; CFTR, CF transmembrane conductance regulator; AEC, airway epithelial cell; MSCs, mesenchymal stem cells; CK-18, cytokeratin 18; TBP, TATA box-binding protein; IBMX, 3-isobutyl-1-methylxanthine; RFP, red fluorescent protein; FACS, fluorescence-activated cell sorter.
State University Health Sciences Center Institutional Review Board. Air-liquid-interface culture was performed as described (27) . The airway-culture medium consisted of a 1:1 mix of DMEM͞ Ham's F-12 (GIBCO), 2% Ultroser G (Biosepra, Cergy-SaintChristophe, France), 100 units͞ml penicillin, 100 g͞ml streptomycin, and 1% nonessential amino acids. The immortalized ⌬F508 CF AEC line (CFBE41o-) was kindly provided by Dieter Gruenert (California Pacific Medical Center, San Francisco) (28) . All studies were performed on well differentiated cultures (Ն2 weeks old) with transepithelial resistance of Ͼ700 ⍀͞cm 2 .
Immunostaining and Flow Cytometry. For cytokeratin immunostaining, the coculture of MSCs and primary human AECs (1:10) was fixed in 4% paraformaldehyde for 20 min and permeabilized with 0.2% Nonidet P-40. The cells were blocked with normal goat serum followed by staining with the primary antibody, a mouse anti-human CK-18 antibody (1:100) or an isotype mouse IgG1 (1:100) as a control. For immunostaining and flow-cytometric analysis of occludin, cells were fixed and permeabilized by using the Cytofix͞Cytoperm Kit (BD Biosciences Pharmingen, San Diego) following manufacturer recommendations. All the antibodies were purchased from commercial sources: mouse anti-CK-18, ICN Biochemicals; mouse anti-occludin antibody, Zymed Laboratories; and R-phycoerythrin-conjugated goat anti-mouse Ig-specific polyclonal antibody, BD Biosciences Pharmingen.
RT-PCR to Assay WT CFTR in the Presence of Excess ⌬F508 mRNA. Total RNA was prepared from 5 ϫ 10 6 cells for each experimental group by using the RNeasy kit (Qiagen, Valencia, CA). The human CFTRWT reverse primer (5Ј-CATCATAGGAAACACCAAA-3Ј) and the TATA box-binding protein (TBP) reverse primer (5Ј-ATTGGACTAAAGATAGGGA-3Ј) were used to reverse transcribe the mRNAs to their corresponding cDNAs. The primer sets for PCR amplification of WT CFTR are human CFTRWT forward primer (5Ј-GGATTTGGGGAATTATTTGAGAAAG -3Ј) and the human CFTRWT reverse primer described above. The primer sets for PCR amplification of TBP are the TBP forward primer (5Ј-CGTGTGAAGATAACCCAAG-3Ј) and the TBP reverse primer described above. The CFTR PCR condition for cocultures is as follows: 1 cycle at 95°C for 3 min; 40 cycles as indicated (30 sec at 95°C, 30 sec at 45°C, and 60 sec at 72°C), and then a final extension step at 72°C for 10 min. The positive control Calu-3 was PCR-amplified for 35 cycles by using the same condition. The TBP PCR-amplification condition was identical to Calu-3 except the annealing temperature was 50°C instead of 45°C. The cycle numbers were optimized to detect the known higher expression of CFTR in Calu-3 cells and potentially lower expression of CFTR in the cocultures.
MSC-Differentiation Assays. To assess pluripotency of the CFTR gene-corrected CF MSCs, standard differentiation assay schemes were followed (29) . Briefly, the stem cells after a successful CFTR gene transfer were plated at high density and exposed to individual differentiation medium for adipogenesis, osteogenesis, or chondrogenesis. Gene-corrected CF MSCs from three patients were compared with normal individuals for their differentiation potentials.
36 Cl ؊ Efflux Assay. The protocol for chloride efflux assays was modified from previous publications (30, 31) . Briefly, 1-month-old cocultures of cells, grown at the air-liquid interface, were transferred to a new 24-well plate containing 400 l of DMEM͞F-12 (GIBCO) without any additives. The cells were allowed to equilibrate for 90 min. Then, 200 l of the DMEM͞F-12 medium with or without 3-isobutyl-1-methylxanthine (IBMX) (10 Ϫ4 M) and forskolin (10 Ϫ4 M) was put onto the apical side. After 5 min the Millicell (Millipore) inserts with the apical solution were transferred to fresh wells containing 350 l of basal medium of DMEM͞ F-12 with 400 nCi͞ml (1 Ci ϭ 37 GBq) 36 Cl Ϫ . After incubation at 37°C for 20 min, the apical solutions were mixed and 75 l of the solutions were sampled for scintillation counting.
Microscopy. To prepare specimens for examination by bright-field microscopy, fluorescence microscopy, and confocal microscopy, cells grown on either coverslips, plastic surfaces, or semipermeable filter membranes were fixed in 2% paraformaldehyde in PBS. The samples then were either embedded in paraffin blocks for paraffin sectioning or directly mounted on microscopic slides with VECTA-SHIELD mounting medium (Vector Laboratories) for fluorescent microscopic examinations. For electron microscopy, samples were fixed in 4% paraformaldehyde in PBS, postfixed with 1% osmium tetroxide, and embedded in Epon 812 for ultrathin sectioning.
Results

Morphological Change of MSCs After Coculture with AECs.
To determine whether MSCs can differentiate into AECs, we established air-liquid-interface cultures of human airway epithelium (27) , in which the apical side of the culture is exposed to air and the basolateral side supplies nutrients (Fig. 1a) . After being cultured in the system for 2 weeks, primary human AECs, isolated from donated lungs, became fully differentiated and formed a typical pseudostratified airway epithelium ( Fig. 1 b and c) . These cultured cells closely mimic the morphology and function of the surface epithelium of conducting airways (32) . We hypothesized that such an airway-epithelia culture condition may be useful to assay for differentiation of MSCs to AECs. To test the hypothesis, GFP- tagged MSCs were suspended in varying ratios with red fluorescent protein (RFP)-marked CF AECs (MSCs͞AECs: 1:5, 1:10, 1:15, or 1:20) and cultured at the air-liquid interface. On a plastic surface under normal culture conditions, GFP-MSCs had a slender fibroblast-like or flat polygonal cell shape ( Fig. 1 d and e) . However, in the mixed culture, some MSCs assumed an epithelia-like cuboidal or columnar cell shape ( Fig. 1 g and h) .
Epithelia-Specific Gene Expression in MSCs After Coculture with AECs.
To assess whether the cocultured MSCs expressed important epithelia-specific marker genes, we performed immunofluorescent staining of the cocultured cells with a monoclonal antibody against human CK-18. Confocal microscopy demonstrated that almost all of the AECs were CK-18-positive with red fluorescence (Fig. 2 a  and b) . In contrast, the isotype antibody staining showed a low fluorescence background ( Fig. 2 e and f ) . Interspersed among the airway cells were the GFP-MSCs (Fig. 2 c, d, g, and h ). Vertical sections by confocal microscopy demonstrated that the GFPmarked cells had columnar morphology and also expressed CK-18 ( Fig. 2 i-k) . CK-18 colocalization with GFP suggested that some of the MSCs had differentiated into AECs. In a separate experiment, cultures with MSCs alone displayed a negative CK-18 staining (data not shown). We next investigated whether MSCs in the cocultures expressed occludin, a tight junction protein. GFP-MSCs (5 ϫ 10 4 ) were mixed with primary human AECs (5 ϫ 10 5 ) at a ratio of 1:10. After culture for 2 weeks at the air-liquid interface, the cells were dissociated and immunostained with an antibody against human occludin. Flow cytometry detected that 1.1% of the total cells and almost 10% of the MSCs added to the culture were occludin and GFP-doublepositive ( Fig. 2 l-n) . In the control, MSCs alone under the same culture condition expressed no occludin (data not shown). In addition, the immunostained cells were cytospun onto a microscopic slide. Fluorescent microscopic examination confirmed that some of the green MSCs expressed occludin (Fig. 2 r- t, large arrows). As expected, some green MSCs were negative for occludin (Fig. 2 r-t, small arrows) . In contrast, nongreen epithelial cells were occludin-positive (Fig. 2 o-q and r-t, arrowheads) .
To examine whether CFTR is expressed in MSCs after coculture with human AECs, we purified GFP-MSCs by using a fluorescenceactivated cell sorter (FACS). RT-PCR was performed by using CFTR-specific primers as indicated (Fig. 3e) . The human CFTRWT forward primer was designed to anneal at exon 9, whereas the human CFTRWT reverse primer at exon 10 ended with the phenylalanine at amino acid position 508. This design allowed elimination of genomic DNA amplification because of the large size of the intervening intron 9 (10,640 bp). Therefore, only the spliced CFTR mRNA can be amplified by this primer set. Of note, the 330-bp CFTR amplicon was detected from the FACSsorted MSCs after coculture but not the MSCs before coculture (Fig. 3c) . In contrast, a TBP band was amplified from all three samples (Fig. 3d) . To confirm the results, we performed another coculture experiment in which MSCs from normal individuals were mixed with CF airway epithelia derived from a patient homozygous for the ⌬F508 mutation (28) . We reasoned that if WT MSCs differentiate into AECs, WT CFTR should be expressed. As indicated, the RT-PCR assay used here only detects WT CFTR mRNA transcripts because the 3Ј end of the human CFTRWT reverse primer ends at the F508 codon (Fig. 3e) . The coculture sample gave rise to a band of 330 bp, indicating expression of the WT mRNA (Fig. 3f, lane 1) . However, MSCs before coculture, or the ⌬F508 CF AECs alone, were negative for the WT mRNA (Fig.  3f, lanes 2 and 3) . To validate the RNA quality used for the assays, RT-PCR was performed by using a set of primers for the TBP, which has a comparable expression level as CFTR in AECs. Amplification of the TBP mRNA was seen in all four samples.
Isolation, Expansion, and Gene Correction of MSCs from CF Patients.
For MSCs from CF patients to be useful for autologous cell-based therapy, the cells would need to (i) be amenable to gene correction and (ii) maintain their pluripotency after gene correction. To satisfy these criteria, bone marrow from three homozygous ⌬F508 CF patients were aspirated, and the MSCs were isolated and expanded. The MSCs from the patients had similar doubling times as the MSCs from normal volunteers (data not shown). Next, the MSCs from the patients were transduced with a viral vector for expression of CFTR (Moloney murine leukemia virus-CFTR-neo). Three days later, the culture was modified to a medium containing 300 g͞ml G418, and the drug-resistant stem cells were expanded (Fig. 4a) . To confirm that the MSCs were successfully gene-corrected, RT-PCR was performed by using the human CFTRWT forward and reverse primers. Vector-transduced CF MSCs expressed the WT CFTR mRNA (Fig. 4b) . The doubling time of the gene-corrected MSCs was unchanged (data not shown). To investigate whether the gene-corrected CF MSCs retained their naive multipotency, we compared their colony-forming capacities and differentiation potencies. The results shown in Table 1 demonstrated that the gene-corrected CF MSCs underwent differentiation in standard differentiation-assay schemes including adipogenic, osteogenic, and chondrogenic assays (29) . No differences were noted in their colony-forming and differentiation capabilities. Thus, the genecorrected MSCs from CF patients have the same developmental potentials as the MSCs from normal individuals. Representative images are shown in Fig. 4 c-f .
CFTR-Corrected CF MSCs Contribute to the Apical Chloride Secretion
in Response to cAMP Stimulation. In CF lungs, the composition of airway surface liquid is altered, leading to impaired bacterial eradication and clearance. To determine whether the CFTRcorrected MSCs from patients with CF can correct the defect in Cl Ϫ secretion, we performed chloride efflux assays (Fig. 4g) . MSCs from ⌬F508 homozygotes with or without receiving CFTR vector transduction were cocultured with ⌬F508 CF AECs in a dose-dependent fashion (0%, 5%, 10%, or 20%). After 1 month in culture, radioactive 36 Cl Ϫ medium (400 nCi͞ml) was applied to the basolateral medium. Nonradioactive medium supplemented with or without IBMX and forskolin was applied to the apical surface. The results demonstrated that the CFTR-corrected CF MSCs secreted significantly more chloride to the apical side in response to the cAMP agonist than the MSCs without gene correction ( Fig. 4h ; n ϭ 4 per time point). Noticeably, the specimens with uncorrected CF MSCs and CF airway cells also responded to IBMX and forskolin, although the response was not as great as that of the cocultures with gene-corrected CF MSCs. We believe that other chloride channels, such as calcium-activated chloride channel in both CF MSCs and CF airway cells, played roles under the drug regime. Therefore, we conclude that patient's MSCs receiving CFTR gene transfer can functionally secrete chloride in response to cAMP agonist, which is critical to a successful CF therapy. To determine the chloridetransport efficacy of the CFTR-corrected CF MSCs, we established cocultures of 5% and 10% of normal AECs with ⌬F508 CF AECs as standards. Similarly, chloride transport was measured radioactively and compared with that of the CFTR-corrected CF MSCs. We found that 5% of the CFTR-corrected CF MSCs is equivalent to Ϸ4% of normal AECs, and 10% is equivalent to Ϸ8% of normal AECs in terms of transporting chloride from the basal side to the apical side with IBMX and forskolin stimulation (data not shown).
Discussion
Our results provide evidence that human MSCs have the potential to differentiate into AECs. MSCs from CF patients can be isolated, expanded, and gene-corrected ex vivo. When cocultured with CF AECs, the gene-corrected CF-patient MSCs can contribute to apical chloride secretion in response to cAMP stimulation. These results provide proof of principle for using MSCs for CF therapy.
In the dose-dependent experiment (Fig. 4h) , we mixed 5%, 10%, and 20% of MSCs with CF airway cells. Functional testing showed that increase in chloride flux was not directly proportional to increase in the percentage of MSCs. We also observed that higher percentages of MSCs in the coculture, such as 25%, resulted in leakiness of the epithelium, whereas cocultures with Ͻ20% of MSCs were able to maintain a resistance over Ϸ700 ⍀, suggesting the establishment of tight junctions across the monolayer. The reason for such nonlinear correlation is currently not clear but is likely due to the fact that only a subpopulation of MSCs are capable of contributing to the establishment of respiratory epithelial cell monolayer in this system. Recent reports have suggested two possible mechanisms to explain the plasticity of MSCs: transdifferentiation and cell fusion (21) . To investigate whether the two mechanisms of MSC plasticity exist under the air-liquid-interface culture condition, GFP-MSCs were cocultured with RFP-tagged CF AECs. We traced Ͼ7,000 GFP-MSCs microscopically. No colocalization of the GFP and RFP was noted. Therefore, cell fusion was a rare event in the given system, although Ϸ10% of the MSCs added to the cocultures differentiate into occludin-positive epithelial cells. However, even if MSCs undergo cell fusion with epithelia, they still can be therapeutically beneficial if, as observed here, the corrected CFTR gene is expressed.
There is still controversy as to how the CF defect in salt and water transport is linked to clinical chronic airway infections seen in patients (31, 33, 34) . Our experimental data show that corrected CF MSCs responded to cAMP stimulation and participated in apical chloride secretion. Therefore, such gene-corrected MSCs may be able to modify airway-surface liquid composition and favorably impact liquid secretion and host defense. Surely the true potential of MSCs for CF therapy requires testing in in vivo models. Studies demonstrated that MSCs have the capacity of engraftment in bleomycin-injured lungs (20) . Such engraftment reduced lung inflammation and ameliorated injury-associated fibrosis (22) . In another setting with sublethal irradiation, retrovirus-transduced bone marrow stem cells repopulated in the lung and differentiated into pulmonary epithelium (35) . It is important to note that most of the engraftment events in vivo have been reported to occur in the distal lung. To achieve efficient airway engraftment, there will be a need to improve MSC recruitment through ex vivo gene engineering. Moreover, MSCs will likely require a survival advantage over existing airway epithelium.
Unlike hematopoietic stem cells, no reliable surface markers have been found for MSC purification. Therefore, MSCs isolated by the plastic-surface-adherence method are heterogenous. Moreover, the lack of adequate assays to characterize MSC differentiation in vitro and in vivo represents another barrier to identifying unique populations for lung use. The air-liquid-interface coculture approach established in this report provides a relatively rapid tool to screen stem-cell populations that may have greater potency to differentiate into lung epithelium, thus facilitating the exploration of MSCs for therapy of lung diseases.
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